Low oxygen tension areas are found in inflamed or diseased tissues where hypoxic cells induce survival pathways by regulating the hypoxia-inducible transcription factor (HIF). Macrophages are essential regulators of inflammation and, therefore, we have analyzed their response to hypoxia. Murine peritoneal elicited macrophages cultured under hypoxia produced higher levels of IFN-␥ and IL-12 mRNA and protein than those cultured under normoxia. A similar IFN-␥ increment was obtained with in vivo models using macrophages from mice exposed to atmospheric hypoxia. Our studies showed that IFN-␥ induction was mediated through HIF-1␣ binding to its promoter on a new functional hypoxia response element. The requirement of HIF-␣ in the IFN-␥ induction was confirmed in RAW264.7 cells, where HIF-1␣ was knocked down, as well as in resident HIF-1␣ null macrophages. Moreover, Ag presentation capacity was enhanced in hypoxia through the up-regulation of costimulatory and Ag-presenting receptor expression. Hypoxic macrophages generated productive immune synapses with CD8 T cells that were more efficient for activation of TCR/CD3, CD3 and linker for activation of T cell phosphorylation, and T cell cytokine production. In addition, hypoxic macrophages bound opsonized particles with a higher efficiency, increasing their phagocytic uptake, through the upregulated expression of phagocytic receptors. These hypoxia-increased immune responses were markedly reduced in HIF-1␣-and in IFN-␥-silenced macrophages, indicating a link between HIF-1␣ and IFN-␥ in the functional responses of macrophages to hypoxia. Our data underscore an important role of hypoxia in the activation of macrophage cytokine production, Ag-presenting activity, and phagocytic activity due to an HIF-1␣-mediated increase in IFN-␥ levels.
I
nflamed and ischemic tissues contain areas of hypoxia or low oxygen tensions as a consequence of inadequate blood supply. The ability of cells to generate energy in a mitochondrial-dependent manner is compromised in a hypoxic environment, thus undergoing adaptation mechanisms of their metabolism for survival. This response is mediated through the hypoxia-inducible factors (HIF) 4 (1, 2), which regulate the transcription of genes involved in different processes such as angiogenesis (vascular endothelial growth factor (VEGF)) (3, 4) , glycolysis (glucose transporter type-1 (Glut-1)) (5, 6) , and HIF autoregulation (prolyl hydroxylases domains (PHDs)) (7) . HIF is a basic helix-loop-helix transcription factor of the Per-ARNT-Sim superfamily composed of two subunits, namely, HIF-␣ and HIF-␤ (aryl hydrocarbon receptor nuclear translocator). The HIF complex is modulated in an oxygen-sensitive manner through the availability of HIF-␣ protein, which, in the presence of oxygen, is targeted for degradation through hydroxylation at specific prolyl residues by PHDs (8, 9 ). HIF-␣ is then recognized and ubiquitinated by the Von Hippel Lindau E3 ubiquitin ligase complex for its degradation by the proteasome (10) . In contrast, at low oxygen tensions, PHD enzymes can no longer hydroxylate the HIF-␣ subunit, which is stabilized and freed to form an active transcription complex with HIF-␤, and is able to migrate to the nucleus and to bind to hypoxic response elements (HREs) within the promoter of specific target genes.
Macrophages play an important role in the innate as well as the adaptive immune response through their specific functions of phagocytosis, Ag presentation, cytokine secretion, and tissue remodeling. As professional phagocytes, macrophages express a wide variety of receptors that participate in the phagocytic uptake of Ags, including those that recognize Ig Fc fragments (mainly Fc␥Rs), and complement activation products such as C3b (CR3, CR4, CRI) (11, 12) . Upon activation, macrophages are induced to produce cytokines such as IL-12, IL-18, IFN-␥, TNF-␣, and IL-1␤ *Servicio de Inmunología, Hospital Universitario de la Princesa, Universidad Autónoma de Madrid, Madrid; (13) (14) (15) (16) (17) (18) (19) (20) . Through these cytokines macrophages drive an inflammatory response by increasing their phagocytic capability. Moreover, these cytokines promote macrophage Ag processing and presentation and the differentiation and activation of Th1 IFN-␥-secreting cells, CTL, and NK cells (21) (22) (23) . The goal of Ag presentation is to amplify the signal through T cell cytokine production and clonal expansion. Ag-loaded presenting cells (macrophages, dendritic cells, B cells) form stable conjugates with specific T cells and promote the relocalization of Ag recognition receptors, cell adhesion, and signaling molecules to the contact site, forming what has been termed the immune synapse (IS) (24, 25) . During the formation of the IS, the TCR is engaged and activated for the recruitment of different signaling molecules, such as ZAP70 or linker for activation of T cells (LAT), the F-actin cytoskeleton is recruited to the contact site for the stabilization and reorganization of the IS, and the microtubule-organizing center (MTOC) is reoriented, increasing the efficient secretion of killing granules and cytokines (25) (26) (27) (28) .
Previous studies have documented that macrophages are involved in a number of inflammatory diseases such as atherosclerotic plaques, myocardial infarcts, rheumatoid arthritis, wound healing, bacterial infections, and malignant tumors, in which areas of hypoxia are present (29, 30) . In these areas, macrophages express HIF protein abundantly and respond rapidly to hypoxia (31, 32) . Moreover, HIF-1␣ is stabilized in macrophages activated by nonhypoxic stimulus, playing a role in the proper infiltration and activation of leukocytes during an inflammatory process and mediating the bactericidal capacity and the control of pathogen spreading during infection (31) (32) (33) (34) . In this work, we have studied the effect of hypoxia on macrophage functions in the absence of any other stimuli. We report herein that under hypoxia macrophages are able to form efficient IS with increased T cell cytokine production ability and enhanced phagocytic uptake. Furthermore, hypoxia increases macrophage IFN-␥ secretion, which is dependent on HIF-1␣ binding to its promoter on a functional HRE site.
Materials and Methods

Mice
All experiments were performed in 6-to 12-wk-old mice. Mice were housed and bred in the Animal Unit of the School of Medicine (Universidad Autónoma, Madrid, Spain) in a pathogen-free facility. C57BL/6 mice (H-2 b ) were used for macrophage isolation. OT-I mice, an H-2K b restricted anti-OVA TCR-transgenic mice under a C57BL/6 background, were used for T lymphocyte isolation (35) . Mice with myeloid lineage-specific knockout of HIF-1␣ (HIF-1␣ flox-LysMCre) have been previously described (33) . Experimental procedures were approved by the Committee for Research Ethics of the Universidad Autónoma de Madrid and conducted under the supervision of the Universidad Autónoma de Madrid Head of Animal Welfare and Health in accordance with Spanish and European guidelines.
Cell culture
Peritoneal thioglycolate-elicited macrophages depleted of granulocytes were isolated by adhesion to tissue culture plates and several washes. CD8 ϩ T cells were isolated from spleen and lymph nodes and were depleted from other populations using the AutoMACS magnetic sorter. Mice macrophages and T cells were maintained in RPMI 1640 medium with GLUTAMAX-I (Invitrogen) and RAW264.7 and J774A.1 cells were grown in DMEM (Cambrex). Both media were supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, and 2 or 10% FCS (Cambrex), respectively. Cells cultured in normoxia were incubated in the present or absence of 10 ng/ml LPS (Sigma-Aldrich) during 40 h. Dimethyloxalylglycine (DMOG) was purchased from BIOMOL.
Hypoxic conditions
The cells were routinely cultured in 21% O 2 and 5% CO 2 (normoxic conditions). To expose the cells to hypoxia, they were placed in an in vivo 400 hypoxia Work Station (Ruskinn Technology) that was infused with a mixture of 1% O 2 , 5% CO 2 , and 94% N 2 (S.E. Carburos Metalicos). For in vivo assays, mice were injected, when needed, with thioglycolate for 4 days, then exposed either to 21% (N) or 13% for 1 h and then 7.5% oxygen levels (Hx) for 40 h before macrophage isolation. Macrophages were isolated by peritoneal lavage and by adhesion to tissue-cultured plates.
Macrophage cytokine secretion and activation markers
For cytokine synthesis and secretion analysis, IL-12 and IFN-␥ were detected by quantitative PCR (oligonucleotides in Table I ) and by ELISA with BD Biosciences Abs at different time points under hypoxia exposure. For assessment of surface molecule expression on macrophages, cells were processed 40 h after hypoxia exposure with a cell dissociation buffer (Life Technologies). Cells were stained for CD11b, CD32/16, MHC class I (H-2 b ), and MHC-II (I-A, I-B) using FITC-labeled Abs and for CD18, CD40, CD86, and F4/80 using biotin-labeled Abs and with allophycocyaninstreptavidin (BD Biosciences).
Immunoprecipitation and Western blot
Cells were processed with Laemmli buffer, resolved on 10% SDS-polyacrylamide gels, and immunoblotted with monoclonal HIF-1␣ (1/1000; R&D Systems), polyclonal PHD3 (1/2000; Bethyl Laboratories), or Glut-1 (Santa Cruz Biotechnology). For Ag presentation assays, macrophage and conjugates were processed for immunoprecipitations and Western blot as previously described (36) with the following Abs: monoclonal anti-CD3 448 (1/100) (37), monoclonal anti-phosphotyrosine 4G10 Ab (1 g/ml; Upstate Biotechnology), polyclonal anti-phospho-LAT Y191, and antitotal LAT (1 and 2 g/ml respectively; Upstate Biotechnology). Immunolabeling was detected by ECL (Amersham Pharmacia Biotech) and visualized with a digital luminescent image analyzer (FUJI Film LAS-1000 CH).
Quantitative real-time (RT)-PCR
Cells were harvested in 1 ml of Ultraspec reagent (Biotecx) and RNA was reverse-transcribed to cDNA (Improm-II reverse transcriptase; Promega). The PCR were performed with the LC FastStart DNA master SYBR Green I kit (Roche Applied Science) and in a Light Cycler system (Roche Applied Science). Data were analyzed with Light Cycler software version 3.5.28 (Idaho Technology). For each sample, the gene copy number was normalized to the amount of ribosomal mRNA 28S. Primers used in Table I . 
Chromatin immunoprecipitation (ChIP)
For the ChIP assays, cells were exposed to hypoxia or normoxia for 6 h. Cells were processed as previously described (38) . For immunoprecipitations, whole rabbit serum (IgG control) and polyclonal anti-HIF-1␣ antiserum (ab2185; Abcam) were used. The PCR primers used are indicated in Table I .
Generation of plasmid construct
The IFN-␥ promoter region was cloned using the mouse genomic sequence: Ϫ848 to Ϫ22 containing putative hypoxia-inducible regulatory sequences, which were amplified by PCR (primers in Table I ). The PCR products were cloned into XhoI and HindIII sites of the pGL3 basic luciferase plasmid (Promega). Genomic DNA was used as a template for the PCRs. The mutant HRE was generated by PCR.
Cell nucleofection and reporter assays
RAW264.7 cells were nucleofected in normoxia following Amaxa nucleofection protocols and 3 h later were exposed or not to hypoxia. The luciferase reporter plasmids used were: Renilla firefly luciferase vector, pGL3-Luc, pGL3-PHD3-Luc (38), pGL3-IFN-␥-Luc and their mutated constructs at the HRE core: pGL3-PHD3Mut-Luc and pGL3-IFN-␥Mut-Luc. After 24 h of hypoxic exposure, cells were harvested and the firefly luciferase activity was quantified using a dual luciferase system (Promega) in which the firefly luciferase activity was normalized to the Renilla luciferase activity.
Ag presentation assays, immunofluorescence staining, and intracellular cytokine staining
Macrophages cultured under normoxic or hypoxic conditions for 40 h were loaded or not with 100 ng/ml (1 nM) OVA peptide (257-264, SIINFEKL) 2 h before T cell addition. Then, CD8 ϩ T cells (1 ϫ 10 6 ) were added in normoxia or hypoxia to macrophages during different time points depending on the assay. Immunofluorescence staining was performed using the monoclonal ␣-tubulin Ab FITC-labeled (Sigma-Aldrich) or the APA1/1 Ab, which detects the activated conformation of CD3 (39, 40) . Intracellular cytokine T cell staining was performed as described previously by activation with PMA and ionomycin, inhibition of secretion with brefeldin A, and staining (41) .
Opsonization and phagocytosis assays
Particles used were sheep RBC (SRBC) opsonized in normoxic conditions as previously described (42) for Fc␥R or CR-mediated phagocytosis using rabbit anti-SRBC IgG (MP Biomedicals) or IgM Abs (Accurate Chemical) and C5-deficient serum, respectively. Macrophages cultured under normoxic or hypoxic conditions for 40 h were starved for 2 h and were incubated with opsonized SRBC in a 1:20 ratio during 15 min. Cells were fixed and stained for Alexa Fluor 488-labeled anti-rabbit Abs (Molecular Probes) to detect the SRBC and with phalloidin labeled with Alexa Fluor 564 for F-actin staining. Internalized particles appeared big and swollen, while external particles appeared small and shrunken due to the fixation process.
Statistical analysis
Data were analyzed by the ANOVA Mann-Whitney U test followed by the Kruskal-Wallis test. The p values obtained are indicated in the text and figures. 
Results
Hypoxia induces macrophage proinflammatory cytokine production
Macrophages have been involved in inflammatory diseases where areas of hypoxia are present (29 -32) Thus, we assessed whether hypoxia affected the cytokine production capacity in macrophages. We first characterized the response of macrophages to hypoxia by assessing the expression of several hypoxia-responsive genes (3-7) in peritoneal-elicited macrophages. HIF-1␣ protein and the hypoxia-dependent proteins Glut-1 (5, 6) and PHD3 (7) were analyzed by Western blotting and were found to be increased under hypoxic conditions as compared with normoxia (Fig. 1A) . These proteins were also induced, although at lower levels, in macrophages treated with LPS as a control of macrophage activation (Fig. 1A) (43, 44) . HIF-2␣, another isoform of HIF-␣ (45), was undetected by Western blot and only detected at very low levels by quantitative RT-PCR (data not shown). HIF-1␣ mRNA remained constant after hypoxia exposure (Fig. 1B) . LPS-treated macrophages, however, expressed higher levels of HIF-1␣ mRNA (43, 44) . PHD3 and VEGF (3, 4) mRNA levels were induced both in macrophages under hypoxic conditions as well as in response to LPS (Fig. 1, C and D) . These data indicate that primary macrophages respond to hypoxia by inducing hypoxia and HIF-1␣ target-dependent genes.
Next, we analyzed whether hypoxia affected the inflammatory response of macrophages through RT-PCR and ELISA. Our results indicated that elicited macrophages under hypoxia significantly induced IFN-␥ and IL-12, but not IL-18. However, LPS-treated macrophages induced these three cytokines ( Fig. 2A) . In contrast, the anti-inflammatory cytokine IL-10 mRNA was not induced either by hypoxia or LPS ( Fig. 2A) . IFN-␥ protein secretion was assayed in peritoneal-elicited macrophages, and similar effects were observed in resident macrophages or the macrophage cell line J774A.1 (Fig. 2, B and C, and data not shown). To corroborate these data, RNA was extracted from macrophages from mice exposed in vivo to hypoxia, and IFN-␥ mRNA was also induced compared with normoxic mice (Fig. 2D) . These results indicate that hypoxia stimulates macrophages to secrete the proinflammatory cytokines IFN-␥ and IL-12, while IL-10 anti-inflammatory cytokine levels remained constant, suggesting that the fine modulation of cytokines may be involved in an activatory phenotype of macrophages under an hypoxic environment.
HIF-1␣ mediates IFN-␥ production in hypoxia
To determine the involvement of the canonical hypoxia pathway in the proinflammatory response of macrophages, we used an inhibitor of PHDs, DMOG, that stabilizes HIF-1␣ in normoxic conditions, resembling the HIF-1␣-mediated response to hypoxia (46, 47) . Elicited peritoneal macrophages incubated with 100 M DMOG increased both mRNA and protein levels of IFN-␥ at 48 h (Fig. 3A) . The direct role of HIF-1␣ in the induction of IFN-␥ was also evidenced in macrophages transfected with HIF-1␣ siRNA and cultured under hypoxia. A clear reduction was observed in HIF-1␣ protein and a significant decrease in IFN-␥ mRNA levels after interference, compared with macrophages transfected with scrambled siRNA (siSCR; p Ͻ 0.05) and to control (mock transfected) (Fig. 3, B and C) . Moreover, resident peritoneal macrophages isolated from myeloid linage-specific HIF-1␣ knockout mice exposed to hypoxia did not induce the transcription of IFN-␥ nor BNIP-3 (an HIF-1␣-dependent gene (48, 49) ), compared with macrophages from the corresponding control mice (Fig. 3D) . Taking together, these evidences confirmed that HIF-1␣ plays an important role in the hypoxia-mediated production of the IFN-␥ cytokine.
Consequently, the search for HRE sites within the promoter of the IFN-␥ gene rendered a putative HRE site conserved among different mammalian species (Fig. 4A) . To ascertain whether this HRE site was a functional HIF binding site, the in vivo binding of HIF-1␣ to the IFN-␥ promoter was tested by HIF-1␣ ChIP assay on elicited peritoneal macrophages cultured under normoxic or hypoxic conditions. Under hypoxic conditions, endogenous HIF-1␣ protein bound to HRE within the IFN-␥ promoter, whereas no binding was observed under normoxic conditions (Fig. 4B) .
To assess the functionality of this HRE site, the Ϫ848 to Ϫ22 sequence from the murine IFN-␥ promoter was cloned in a luciferase reporter expression vector. RAW 264.7 cells were nucleofected and cultured under normoxia or hypoxia for 16 h. The luciferase expression of this IFN-␥ construct was induced under hypoxic conditions (Fig. 4C ) compared with normoxic macrophages. As a positive control, the PHD3 promoter construct responded efficiently to hypoxia (Fig. 4C) . To confirm that the hypoxia program in macrophages involves the HRE site of the IFN-␥ promoter, a mutant construct was generated in which the central conserved ACGT core was mutated to TAGC. A similar PHD3 mutant construct was also used as control (38) . These mutant constructs were no longer responsive to hypoxia, either in the IFN-␥ promoter or in the PHD3 promoter (Fig. 4C) . Altogether, these results indicate that the activatory response of macrophages in hypoxia is directly mediated through HIF-1␣, which binds to the new, functional HRE site present in the IFN-␥ promoter.
Hypoxia enhances macrophage expression of Ag-presenting molecules and the formation of productive IS
Since hypoxic macrophages induce proinflammatory cytokine production, we analyzed whether hypoxia affected elicited peritoneal macrophage functions such as Ag presentation. First, the expression of costimulatory and Ag presentation molecules was determined under hypoxic conditions. CD40, CD86, and MHC-I expression levels were enhanced in hypoxic macrophages compared with macrophages cultured in normoxia (Fig. 5A) . In contrast, CD80 and MHC-II expression was not induced significantly (data not shown).
Next, the nature and characteristics of the IS were analyzed in macrophages cultured under hypoxic conditions. Since MHC-I expression was significantly up-regulated during hypoxia, we focused on MHC-I presentation. Thus, macrophages loaded with OVA peptide 257-264 (OVAp) were conjugated with CD8 ϩ T cells from OT-I mice and the number of conjugates formed was determined. No significant differences were observed in the number of conjugates formed in normoxic and hypoxic macrophages (data not shown). T cell activation during IS requires the translocation of the MTOC for the efficient secretion of cytokines (50) . Therefore, T cell MTOC translocation toward the contact area was analyzed, showing a high translocation efficiency (70% positive T cells) in normoxia that was only slightly increased in the T cells cultivated with hypoxia-and LPS-treated macrophages (data not shown).
Since the number of IS was not altered in response to hypoxia, we next determined whether hypoxia increased the efficiency of these IS by analyzing the conformationally active CD3 chain, staining with the specific Ab APA 1/1 (39, 40) . Hypoxic macrophages induced a much higher percentage of active TCR/CD3 conformation compared with normoxic macrophages (Fig. 5, B and C). To further confirm the effect of hypoxic macrophages on the TCR engagement regulation, different markers of the TCR proximal activation signals were analyzed. The phosphorylation of CD3 and of its downstream T cell-specific protein LAT on Y195 residue was assessed. Western blot analyses revealed that in the presence of OVAp, hypoxic macrophages (Hx ϩ ) induced stronger TCR/CD3 and LAT phosphorylation signals, as well as LPStreated macrophages (NLPS ϩ ) compared with normoxic macrophages (N ϩ ; Fig. 5, D and E) . Next, we assessed later events of T cell activation such as cytokine production. T cells conjugated under hypoxia conditions with macrophages loaded with OVAp (Hx ϩ ) showed increased IL-2 and IFN-␥ production compared with T cells conjugated in normoxia (N ϩ ; Fig. 5F ). To discard a possible effect of hypoxia on this T cell activation, macrophages cultured under normoxia or hypoxia were fixed, loaded or not with OVAp, and subsequently incubated with T cells under normoxia. A similar result was obtained, indicating that OVAp-loaded hypoxic macrophages induce T cells (normoxic or hypoxic) to produce cytokines more efficiently (supplemental Fig. 1S 5 ). Taken together, these results indicate that macrophages under hypoxia induced productive IS, with increased active TCR/CD3 conformation, early signaling events, and proinflammatory cytokine production.
Hypoxia induces the phagocytic activity of macrophages
To further analyze the role of hypoxia on macrophage functions, macrophage phagocytosis assays were performed on elicited peritoneal macrophages. CR (CD11b (␣ M )/CD18 (␤ 2 ))-and Fc␥R (CD32/CD16)-mediated phagocytosis were assessed as two different opsonic phagocytic pathways. Both the binding and the internalization of differently opsonized SRBC were increased in macrophages cultured in hypoxia compared with macrophages 5 The online version of this article contains supplemental material. 1 and 2) or anti-IgG Ab ( lanes 3 and 4) ; total lysate (input, lanes 5 and 6). C, RAW264.7 macrophage cell line was nucleofected with constructs expressing the IFN-␥ or PHD3 promoter containing the wildtype HRE site (pIFN-␥-Luc, pPHD3-Luc) or a mutated HRE site (pIFN-␥Mut-Luc or pPHD3Mut-Luc). Results are expressed as the fold induction of relative luciferase units (RLU). cultured in normoxia (2.5-to 3-fold and 1.5-fold for CR and Fc␥R, respectively; Fig. 6, A and B) . LPS-treated macrophages, incubated in normoxia, also showed increased binding and internalization of opsonized SRBC (Fig. 6, A and B) .
To determine whether the increased binding of particles to macrophages, after hypoxia treatment was mediated by regulating the expression of phagocytic receptors, flow cytometry analyses were performed. Both receptors CR (CD11b/CD18) and Fc␥R were up-regulated during hypoxia, as well as in LPS-treated macrophages (Fig. 6, C and D) . These results indicate that hypoxia promotes increased binding and internalization of particles by upregulating CR and Fc␥R expression levels, thus leading to a more efficient phagocytosis. Together with the data above, our results indicate that macrophage functions of inflammatory cytokine production, Ag presentation, and phagocytosis are induced upon low oxygen tensions.
HIF-1␣ through IFN-␥ is responsible for the hypoxic-induced increment in productive IS formation and phagocytic activity
Taken into account that HIF-1␣ regulates IFN-␥ production under hypoxia exposure, we assessed the direct role of either HIF-1␣ or IFN-␥ in the IS response and the phagocytic activity of macrophages. Thus, mouse peritoneal-elicited macrophages were transfected with either HIF-1␣ or IFN-␥ siRNAs, cultured under hypoxia, and their functionality was tested. IFN-␥ siRNA notably reduced the transcription of IFN-␥ as well as the siRNA to HIF-1␣ did (85-90% reduction approximately). The effect of HIF-1␣ interference was also confirmed with an ϳ60% reduction in the mRNA levels of BNIP-3 (a HIF-1␣-dependent gene (48, 49) ), compared with macrophages transfected with siSCR in hypoxia ( p Ͻ 0.05; Fig. 7A ). When Ag-loaded macrophages were conjugated with CD8 T cells, the recruitment of active TCR/CD3 to the contact site was assessed. The induction levels in the recruitment observed with the siSCR in hypoxia compared with normoxia were almost completely lost with HIF-1␣ or IFN-␥ interference (Fig. 7B) . HIF-1␣ or IFN-␥ siRNAs also decreased the CR or Fc␥R phagocytosis hypoxic induction (Fig. 7C ).
These data demonstrate that HIF-1␣-mediated induction of IFN-␥ in hypoxia is responsible for the increase in macrophagedependent IS formation and phagocytic activity.
Discussion
In the present work, we have characterized the inflammatory phenotype of macrophages exposed to low oxygen tensions. We have shown that upon hypoxia macrophages increased the production of IFN-␥, which relies on HIF-1␣ binding to the new, functional HRE site on the IFN-␥ promoter. Moreover, hypoxic macrophages were able to form IS and to phagocytose more efficiently than in normoxia and, more importantly, these effects were mediated through HIF-1␣ and IFN-␥.
Our results indicate that macrophages in hypoxia induced an increment in IFN-␥ and IL-12 mRNA and protein secretion levels, while the anti-inflammatory cytokine IL-10 mRNA remained constant, suggesting that proinflammatory cytokines may be involved in the activated phenotype of macrophages. It has long been thought that only T cells or NK cells were responsible for IFN-␥ secretion; however, several studies have described a role for macrophages and dendritic cells as IFN-␥-producing cells, in an autocrine or a paracrine manner (13) (14) (15) (17) (18) (19) (20) . These results were also corroborated by the increased IFN-␥ mRNA transcription levels in macrophages from mice exposed in vivo to hypoxia. IL-12 and IL-18 induce macrophages to secrete IFN-␥ (17), but it may occur that IFN-␥ induces macrophages to secrete more IFN-␥ as well as IL-12. These cytokines can induce signaling cascades that increase the bactericidal capacity after phagocytosis, the costimulatory and Ag-presenting molecule expression, as well as the induction of CD8 ϩ T cell differentiation to CTLs (21-23, 51). Moreover, our RNA interference data demonstrate that IFN-␥ mediates the hypoxia-induced increment in the formation of productive IS as well as the phagocytic binding and uptake.
The hypoxia-inducible transcription factor HIF-1␣ plays a direct role in macrophage activation, since RNA interference of HIF-1␣ correlated with an almost total reduction of the hypoxia-mediated enhancement of IFN-␥ transcription, and, in addition, resident macrophages from HIF-1␣ flox-LysMCre mice were unable to induce IFN-␥ levels. We herein describe a novel mechanism for HIF-1␣ involvement in macrophage IFN-␥ production based on several experimental evidences: 1) the existence of a HRE in the IFN-␥ promoter conserved among different mammalian species, 2) HIF-1␣ binds to the IFN-␥ promoter in vivo, and 3) this promoter sequence is transcriptionally functional and depends on the HRE site, since when mutated the transcriptional activity is lost. Other cytokines secreted by macrophages have promoters that also contain HRE sites, such as TNF-␣, IL-6, or IL-8 (52, 53); however, for TNF-␣ and IL-6 it is not known whether these sites are functional. Since HIF-1␣ binds to the IFN-␥ promoter at early time points of hypoxia exposure (6 h; Fig. 4B ), but mRNA induction is not detected until 24 h ( Fig. 2A) , it is conceivable that other hypoxiadependent coactivators could be required for its transcription. In this regard, AP-1 and STAT-4 have been reported to regulate IFN-␥ transcription, to interact with HIF1-␣ (20, 54, 55) , and, in the case of AP-1, to be activated by hypoxia (56, 57) . However, it is still unknown whether there is any correlation between STAT-4 activation by hypoxia and IFN-␥ transcription. Therefore, hypoxia through HIF-1␣ may induce the secretion of different cytokines that are responsible for the inflammatory phenotype of macrophages and the up-regulation of Ag-presenting, costimulatory molecules and phagocytic receptors.
Macrophages play a key role in innate immunity since they can recognize, ingest, and destroy pathogens by themselves. Phagocytosis efficiency has been reported to be increased by hypoxia. On one hand, the bactericidal capacity of macrophages in hypoxia is increased (33, 58, 59) . On the other hand, hypoxia reoxygenation treatments increased in vivo Fc␥R-mediated phagocytosis (60) . In our model of hypoxic macrophages, we have also found an increased rate of not only Fc␥R phagocytosis, but also CR phagocytosis. We observed the up-regulation of the phagocytic receptor molecules expression on macrophages, CD11b, CD18, and Fc␥R, which may account, in part, for the increased particle binding detected in our assays. In contrast, other nonopsonized pathogens are internalized with the same efficiency independently of different oxygen levels, although it is not known whether the expression of the phagocytic receptors involved in this particular uptake could be regulated through hypoxia. Moreover, as stated above, HIF-1␣ regulation of IFN-␥ is a key event in the phagocytic efficiency induced by hypoxia.
Our results show that hypoxia, without any other costimuli, primes macrophages to secrete proinflammatory cytokines and to present Ags efficiently. In this regard, hypoxia-activated macrophages increased the expression of the costimulatory and Ag-presenting molecules CD40, CD86, and MHC-I, which could prepare the macrophage for a prompt and efficient response. Therefore, when T cells contact with hypoxia-activated macrophages, in the presence of a specific Ag, a potent T cell cytokine response is achieved. These efficient cytokine-producing IS correlate with a high induction of the TCR/CD3 active conformation, as well as the tyrosine phosphorylation of the TCR/CD3 chain and of the proximal TCR signaling molecule LAT. The up-regulation of macrophage costimulatory molecules as well as macrophage cytokine production (IFN-␥ and IL-12) by hypoxia may explain the enhanced Ag-presenting capacity and efficient IS formation. Macrophages can be differently activated through a variety of stimuli (61) . Hypoxia-stimulated macrophages could mimic M1 classically activated macrophages in a similar manner as LPS-activated macrophages. In fact, the classical activation triggers proinflammatory cytokine secretion, which match our data on the increment of the proinflammatory cytokines IFN-␥ and IL-12, together with the increase of IL-6, reactive oxygen species and NO synthesis previously described (53, 59, 62, 63) . Therefore, hypoxia could be acting as a priming step preparing the macrophage for an active response. In addition to hypoxia, LPS or other inflammatory signals may act either synergistic or antagonistically inducing further activation or inhibition of the macrophage (18, 62, 64) , in particular, in the development of LPS-induced sepsis (53), atheroma plaque formation or tissue remodeling. Further studies on these responses are needed to understand the cross-talk between the different pathways involved in macrophage modulation.
In summary, our data provide several pieces of evidence indicating that oxygen sensing by macrophages regulates their functions: Ag presentation, phagocytosis, and cytokine production. More importantly, a mechanism of activation has been proposed, in which HIF-1␣ binds to and activates IFN-␥ promoter mediating IFN-␥ production, which is involved in the acquisition of a macrophage-activated phenotype.
